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(57) An actively controlled rotary steerable drilling system for directional drilling of wells including a tubular rotary 
tool collar having rotatably mounted thereabout a substantially non-rotatable sliding sleeve incorporating a plurality 
of elastic coupling members to maintain the sliding sleeve in coupled relation with the borehole wall during drilling. 
An offsetting mandrel is supported within the tool collar by a knuckle joint for pivotal movement and is rotatably 
driven by the tool collar and has a lower end extending from the collar and adapted for support of a drill bit. To achieve 
controlled steering of the rotating drill bit, orientation of the drilling tool is sensed by navigation sensors and the 
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offsetting mandrel is maintained geostationary and selectively axially inclined relative to the tool collar by orienting 
it about the knuckle joint responsive to navigation sensors. An alternator and a hydraulic pump, located within the tool 
collar, are driven by a power source driven by the flowing drilling fluid to produce electric power and hydraulic 
pressure for supplying electrical power for the electronics package of the tool and for actuation of hydraulic system 
components. Hydraulic cylinder and piston assemblies, actuated by tool position signal responsive servo-valves, 
control the angular position of the offsetting mandrel with respect to the tool collar. The hydraulic pistons are servo- 
controlled responsive to signal input from the navigation sensors and from other tool position sensing systems which 
provide real-time position signals to the hydraulic position control system. 
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ABSTRACT OF THE DISCLOSURE 

An actively controlled rotary steerable drilling system for directional drilling of wells 
including a tubular rotary tool collar having rotatably mounted thereabout a substantially non- 
rotatable sliding sleeve incorporating a plurality of elastic coupling members to maintain the sliding 
sleeve in coupled relation with the borehole wall during drilling. An offsetting mandrel is supported 
within the tool collar by a knuckle joint for pivotal movement and is rotatably driven by the tool 
collar and has a lower end extending from the collar and adapted for support of a drill bit. To achieve 
controlled steering of the rotating drill bit, orientation of the drilling tool is sensed by navigation 
sensors and the offsetting mandrel is maintained geostationary and selectively axially inclined relative 
to the tool collar by orienting it about the knuckle joint responsive to navigation sensors. An 
alternator and a hydraulic pump, located within the tool collar, are driven by a power source driven 
by the flowing drilling fluid to produce electric power and hydraulic pressure for supplying electrical 
power for the electronics package of the tool and for actuation of hydraulic system components. 
Hydraulic cylinder and piston assemblies, actuated by tool position signal responsive servo-valves, 
control the angular position of the offsetting mandrel with respect to the tool collar. The hydraulic 
pistons are servo-controlled responsive to signal input from the navigation sensors and from other tool 
position sensing systems which provide real-time position signals to the hydraulic position control 
system. 
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BACKGROUND OF THE INVENTION 

Field of the. T nve.ntinn- 

This invention relates generally to methods and apparatus for drilling wells, particularly wells 
for the production of petroleum products, and more specifically concerns an actively controlled rotary 
steerable drilling system that can be connected directly to a rotary drill string or can be connected in 
a rotary drill string in assembly with a mud motor and/or thruster and/or flexible sub to enable drilling 
of deviated wellbore sections and branch bores. This invention also concerns methods and apparatus 
enabling precision control of the direction of a wellbore being drilled. This invention also concerns 
an actively controlled rotary steerable drilling system incorporating a hydraulically energized 
positioning mechanism for accomplishing automatic geostationary positioning of the axis of an 
offsetting mandrel and its drill bit during rotation of the offsetting mandrel and drill bit by a rotary 
drill string, mud motor or both. This invention further concerns employment of coupling means in 
conjunction with the actively controlled rotary steerable drilling system for maintaining coupling of 
the drilling tool with the borehole wall during drilling. 
Description of the Related ^ 
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An oil or gas well often has a subsurface section that is drilled directionally, i.e., inclined at 
an angle with respect to the vertical and with the inclination having a particular compass heading or 
azimuth. Although wells having deviated sections may be drilled at any desired location, such as for 
"horizontal" borehole orientation or deviated branch bores from a primary borehole, for example, a 
significant number of deviated wells are drilled in the marine environment. In such case, a number 
of deviated wells are drilled from a single offshore production platform in a manner such that the 
bottoms of the boreholes are distributed over a large area of a producing horizon over which the 
platform is typically centrally located and wellheads for each of the wells are located on the platform 
structure. 

In circumstances where the well being drilled is of complex trajectory, the capability provided 
by the rotary steerable drilling tool of this invention to steer the drill bit while the drill bit is being 
rotated by the collar of the tool enables drilling personnel to readily navigate the wellbore being 
drilled from one subsurface oil reservoir to another. The rotary steerable drilling tool of the present 
invention enables steering of the wellbore both from the standpoint of inclination and from the 
standpoint of azimuth so that two or more subsurface zones of interest can be controllably intersected 
by the wellbore being drilled. 

A typical procedure for drilling a directional borehole is to remove the drill string and drill 
bit by which the initial, vertical section of the well was drilled using conventional rotary drilling 
techniques, and run in a mud motor having a bent housing at the lower end of the drill string which 
drives the bit in response to circulation of drilling fluid. The bent housing provides a bend angle such 
that the axis below the bend point, which corresponds to the rotation axis of the bit, has a "toolface 
angle" with respect to a reference, as viewed from above. The toolface angle, or simply "tool face", 
establishes the azimuth or compass heading at which the deviated borehole section will be drilled as 
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the mud motor is operated. After the toolface has been established by slowly rotating the drill string 
and observing the output of various orientation devices, the mud motor and drill bit are lowered, with 
the drill string non-rotatable to maintain the selected toolface, and the drilling fluid pumps, "mud 
pumps", are energized to develop fluid flow through the drill string and mud motor, thereby imparting 
rotary motion to the mud motor output shaft and the drill bit that is fixed thereto. The presence of 
the bend angle causes the bit to drill on a curve until a desired borehole inclination has been 
established. To drill a borehole section along the desired inclination and azimuth, the drill string is 
then rotated so that its rotation is superimposed over that of the mud motor output shaft, which causes 
the bend section to merely orbit around the axis of the borehole so that the drill bit drills straight 
ahead at whatever inclination and azimuth have been established. If desired, the same directional 
drilling techniques can be used as the maximum depth of the wellbore is approached to curve the 
wellbore to horizontal and then extend it horizontally into or through the production zone. 
Measurement while drilling "MWD" systems are commonly included in the drill string above the 
mud motor to monitor the progress of the borehole being drilled so that corrective measures can be 
instituted if the various borehole parameters indicate variance from the projected plan. 

Various problems can arise when sections of the wellbore are being drilled with the drill string 
non-rotatable and with a mud motor being operated by drilling fluid flow. The reactive torque caused 
by operation of a mud motor can cause the toolface to gradually change so that the borehole is not 
being deepened at the desired azimuth. If not corrected, the wellbore may extend to a point that is 
too close to another wellbore, the wellbore may miss the desired "subsurface target", or the wellbore 
may simply be of excessive length due to "wandering". These undesirable factors can cause the 
drilling costs of the wellbore to be excessive and can decrease the drainage efficiency of fluid 
production from a subsurface formation of interest. Moreover, a non-rotating drill string may cause 
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increased frictional drag so that there is less control over the "weight on bit" and the rate of drill bit 
penetration can decrease, which can result in substantially increased drilling costs. Of course, a non- 
rotating drill string is more likely to get stuck in the wellbore than a rotating one, particularly where 
the drill string extends through a permeable zone that causes significant build up of mud cake on the 
borehole wall. 

A patent of interest in regard to the subject matter of the present invention is U.S. Patent 
5,1 13,953. The '953 patent presents a directional drilling apparatus and method in which the drill bit 
is coupled to the lower end of a drill string through a universal joint, and the bit shaft is pivotally 
rotated within the steerable drilling tool collar at a speed which is equal and opposite to the rotational 
speed of the drill string. The present invention is significantly advanced as compared to the subject 
matter of the '953 patent in that the angle of the bit shaft or mandrel relative to the drill collar of the 
present invention is variable rather than fixed. Other patents of interest in regard to the present 
invention are UK Patents GB 2 1 72 324 B, GB 2 172 325 B and GB 2 177 738 B. The '738 patent 
is entitled "Control of drilling courses in the drilling of boreholes" and discloses a control stabilizer 
20 having four actuators 44. The actuators are in the form of flexible hoses or tubes which are 
selectively inflated to apply a lateral force to the drill collar as shown at 22 for the purpose of 
deflecting the drill collar and thus altering the course of the borehole being drilled. The '324 patent 
is of interest to the present invention in that it discloses a steerable drilling tool having stabilizers 18 
and 20, with a control module 22 located between them for effecting controlled deflection of the 
drilling tube 10 for altering the course of the wellbore being drilled. The '325 patent is of interest 
to the present invention in that it discloses a steerable drilling tool having a housing 31 that contains 
sensing means and is maintained essentially stationary during drilling by a wall contact assembly 33. 
Movement of the drilling tube 10 relative to the wall contact assembly is accomplished by applying 
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different pressures, in a controlled manner, to each of four actuators 44. Steering of the drill bit, 
according to the '325 patent, is accomplished by sensing the position of the rotary tool collar and 
generating navigation signals. 

In contrast, the present invention achieves steering of the drill bit by hydraulically maintaining 
the longitudinal axis of an offsetting mandrel, to which the drill bit is attached, in geostationary 
position and oriented about a knuckle or pivot mount within a rotatable tool collar which is in direct 
rotary driving relation with the offsetting mandrel. The offsetting mandrel is kept positioned at the 
desired inclination and azimuth during its rotation by the hydraulically energized steering system of 
the rotary steerable drilling tool for steering of the wellbore being drilled along a desired course. A 
substantially non-rotatable sliding sleeve is employed to provide a housing for navigation sensors and 
electronics as well as telemetry systems, and for maintaining a coupling relationship with the 
formation during drilling. The sliding sleeve is supported in rotatable relation about a portion of the 
rotary tool collar and is maintained in mechanically coupled and substantially non-rotatable relation 
with the wall of the borehole being drilled by a plurality of elastic blade members which project 
radially outwardly from the sleeve. 

The present invention may also be connected in assembly with a controllable mud motor, a 
thruster apparatus, a flexible sub or any combination thereof. Additionally, the actively controlled 
rotary steerable drilling system of the present invention enables directionally controlled drilling to 
be selectively powered by a rotary drill string, a mud motor, or both, and provides for precision 
control of weight on bit and accuracy of drill bit orientation during drilling. 

Another patent of interest in regard to the present invention is U.S. Patent 5,265,682. The 
'682 patent discloses a system for maintaining a downhole instrumentation package in a roll stabilized 
orientation by means of an impeller. The roll stabilized instrumentation is used for modulating fluid 
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pressure to a set of radial pistons which are sequentially activated to urge the bit in a desired direction. 
The drill bit steering system of the '682 patent most notably differs from the concept of the present 
invention in the different means that is utilized for deviating the drill bit in the desired direction. 
Namely, the '682 patent describes a mechanism which uses pistons which react against the borehole 
wall to force the bit in a desired lateral direction within the borehole. Since the hydraulic components 
of the steerable drilling system of the '682 patent are exposed to the drilling fluid, and since the 
rotating pads of the rotating tool are exposed to contact with the borehole wall, the service live of 
such a drilling tool will be limited. 

In contrast, the rotary steerable drilling tool of the present invention has no hydraulic 
components or force transmitting pad that are exposed to the drilling fluid or the borehole wall. The 
rotary steerable drilling tool of the present invention incorporates an automatically energized, sensor 
responsive hydraulic system to maintain the offsetting mandrel of the drilling system in geostationary 
and angularly oriented relation with the rotatable tool collar to deviate from the main borehole 
direction and to keep the drill bit pointing in a desired borehole direction. The hydraulic offsetting 
mandrel positioning system of the present invention accomplishes pivotal positioning of the offsetting 
mandrel axis about its knuckle or universal joint support within the drill collar so that the offsetting 
mandrel is kept positioned in geostationary relation with the formation being drilled while it is being 
rotated by the rotary tool collar. Within the scope of the present invention various navigation sensors 
and electronics of the tool are located within a substantially non-rotatable sliding sleeve which is 
mounted for relative rotation about the rotary tool collar of the drilling tool, rather than in a rotating 
component, such as the tool collar, to enable simplification of the electronics of the navigation 
sensors to ensure the accuracy and extended service life thereof 
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SUMMARY OF THE INVENTION 

It is a principal feature of the present invention to provide a novel actively controlled rotary 
steerable drilling system that is driven by a rotary drill string, a mud motor, or a combination of a 
rotary drill string and a mud motor, and permits selective drilling of curved wellbore sections by 
precision steering of the drill bit being rotated by the rotary tool collar of the rotary steerable drilling 
tool; 

It is also a feature of the present invention to provide a novel actively controlled rotary 
steerable well drilling system having an offsetting mandrel that is rotatably driven by a rotary tool 
collar during drilling operations and which is pivotally mounted within the tool collar for pivotal 
articulation within the tool collar and which is kept pointed in geostationary relation with the 
formation being drilled and is maintained pointed at desired angles of inclination and azimuth for the 
drilling of a curved wellbore to an intended target; 

It is another feature of the present invention to provide a novel actively controlled rotary 
steerable well drilling system having a drilling fluid powered hydraulic pump that supplies 
pressurized fluid for position control of an offsetting mandrel by servo-valve controlled energization 
of hydraulic positioning pistons that accomplish geostationary positioning of the offsetting mandrel 
relative to the rotary tool collar of the well drilling system for the purpose of drill bit steering; 

It is another feature of the present invention to provide a novel actively controlled rotary 
steerable well drilling system having an on-board electronic power, position sensing and control 
system that is mounted within a coupling element that is in rotatable relation with the rotary tool 
collar of the tool and is maintained in coupled and substantially static relation with the wall of the 
borehole being drilled by a plurality of elastic blades which have coupling engagement with the 
wellbore wall during drilling. It is also a feature of the present invention to locate navigation : 



sensors 
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and certain electronics within the substantially static coupling element rather than in rotary 
components of the drilling tool, thus protecting the on-board electronics and navigation sensors of 
the tool against possible rotation induced interference and permitting significant simplification of the 
control circuitry of the tool; and 

It is also a feature of the present invention to provide a novel actively controlled rotary 
steerable well drilling system having a substantially non-rotatable sliding sleeve disposed in rotatable 
relation with the rotary tool collar and having elongate curved elastic coupling blades that maintain 
sliding coupling of the drilling tool with respect to the formation being drilled, restrain rotation of the 
substantially non-rotatable sliding sleeve, and provide for caliper measurements of the borehole being 
drilled. 

Briefly, the various objects and features of the present invention are realized through the 
provision of an actively controlled rotary steerable drilling tool having a rotary tool collar that is 
rotatably driven by a rotary drive component, such as the output shaft of a mud motor or a rotary drill 
string, that is driven by the rotary table of a drilling rig. An offsetting mandrel, also sometimes 
referred to herein as a bit shaft, is mounted within the rotatable tool collar by means of a universal 
mount or knuckle joint and is rotatable directly by the rotary tool collar for the purpose of drilling. 
A lower section of the offsetting mandrel projects from the lower end of the rotary tool collar and 
provides a connection to which the drill bit is threadedly connected. According to the concept of this 
invention, the offsetting mandrel axis is maintained and pointed in a given direction which is inclined 
by a variable angle with respect to the axis of the rotary drive component of the tool during rotation 
of the offsetting mandrel by the rotary drive component, thus allowing the drill bit to drill a curved 
wellbore on a curve that is determined by the selected angle. A straight bore can be drilled by setting 
the angle between the offsetting mandrel axis and the tool axis to zero. 

8 
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The angle between the axis of the rotary tool collar and the axis of the offsetting mandrel is 
maintained by a plurality of hydraulic pistons which are located within the rotary tool collar and are 
selectively controlled and positioned by sensor responsive servo-loop activated servo-valves to 
maintain the axis of the offsetting mandrel geostationary and at predetermined angles of inclination 
and azimuth. Additionally, these predetermined angles of inclination and azimuth are selectively 
controllable responsive to surface generated control signals, computer generated signals, sensor 
generated signals or a combination thereof. Thus the rotary steerable drilling tool of this invention 
is adjustable while the tool is located downhole and during drilling for controllably changing the 
angle of the offsetting mandrel relative to the rotatable collar as desired for the purpose of 
controllably steering the drill bit being rotated by the offsetting mandrel of the tool. 

Torque is transmitted from the rotary tool collar to the offsetting mandrel directly through an 
articulable driving connection that is established by the knuckle joint connection of the offsetting 
mandrel within the tool collar. In addition, the hydraulic mandrel positioning pistons are servo- 
controlled to guarantee that the predetermined toolface is maintained in the presence of external 
disturbances. Since it should always remain geostationary, the offsetting mandrel is maintained in its 
geostationary position within the rotary tool collar by hydraulically energized pistons that are 
mounted for movement within the tool collar. This feature is accomplished by automatic servo- 
controlled hydraulic actuation of the positioning pistons which are precisely controlled responsive 
to signals from various navigation sensors and responsive to various forces that tend to alter the 
orientation of the axes of the sliding tool collar and the offsetting mandrel. 

To enhance the flexibility of the actively controlled rotary steerable drilling tool, the tool has 
the capability of selectively incorporating many electronic sensing, measuring, feedback and 
positioning systems. A three-dimensional positioning system of the tool can employ magnetic 
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sensors for sensing the earth's magnetic field and can employ a resolver, three-axis accelerometers 
and gyroscopic sensors for accurately determining the position of the tool at any point in time. For 
control, the rotary steerable drilling tool will typically be provided with a three-axis accelerometer 
and a resolver. A single gyroscopic sensor can also be incorporated within the tool to provide 
rotational speed feedback and to assist in stabilization of the mandrel, although a plurality of 
gyroscopic sensors may be employed as well without departing from the spirit and scope of this 
invention. The signal processing system of the electronics on-board the tool achieves real-time 
position measurement while the offsetting mandrel of the tool is rotating. The sensors and electronics 
processing system of the tool also provide for continuous measurement of the azimuth and the actual 
angle of inclination as drilling progresses so that immediate corrective measures can be taken in real 
time, without necessitating interruption of the drilling process. The tool incorporates a position based 
control loop using magnetic sensors, accelerometers or gyroscopic sensors to provide position signals 
for controlling axial orientation of the offsetting mandrel. Also from the standpoint of operational 
flexibility, the tool may incorporate a measurement while drilling (MWD) system for feedback, 
gamma ray detectors, resistivity logging, density and porosity logging, sonic logging, and a system 
for borehole imaging, look ahead and look around instrumentation, inclination at the bit measurement, 
bit rotational speed measurement, and measurement of vibration below the motor sensors, weight on 
bit, torque on bit, and bit side force. 

Additionally, the electronics and control instrumentation of the rotary steerable drilling tool 
provides the possibility for programming the tool from the surface so as to establish or change the 
tool azimuth and inclination and to establish or change the bend angle relation of the offsetting 
mandrel to the tool collar. The electronic memory of the on-board electronics of the tool is capable 
of retaining, utilizing, and transmitting a complete wellbore profile and accomplishing geosteering 

10 
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downhole so the tool can be employed from kick-off to extended reach drilling. Additionally, a 
flexible sub may be employed with the tool to decouple the rotary steerable drilling tool from the rest 
of the bottom hole assembly and drill string and allow navigation by the electronics of the rotary 
steerable drilling system. 

In addition to other sensing and measuring features of this invention, the actively controlled 
rotary steerable drilling tool may also be provided with a telemetry system to transmit bidirectionally 
through the flexible sub and other measurement subs to the MWD system logging and drilling 
information that is obtained during drilling operations. The tool may incorporate transmitters and 
receivers located in predetermined axially spaced relation to thus cause signals to traverse a 
predetermined distance through the subsurface formation adjacent the wellbore and thus measure its 
resistivity while drilling activity is in progress. 

The electronics of the resistivity system of the tool, as well as the electronics of the various 
measurement and control systems, are mounted within a substantially non-rotatable sliding sleeve 
which is disposed in rotatable relation with the rotary collar of the tool. The substantially non- 
rotatable sliding sleeve is coupled with the formation during drilling by a plurality of elastic coupling 
blades which also serve to restrain rotation of the sliding sleeve. This feature causes the sleeve to 
slide along the borehole wall so that the sleeve is essentially static or may rotate only a few turns per 
hour rather than being rotated along with the rotary components of the tool. Thus, the navigation 
sensors and the electronics system of the tool are protected from potential rotational induced 
interference or damage as drilling operations occur. 

In the preferred embodiment of the present invention a hydraulic pump is provided within the 
rotary tool collar of the rotary steerable drilling tool to develop hydraulic pressure in the on-board 
hydraulic system of the tool to provide for operation of hydraulically energized pistons for 

11 
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controllable positioning of the offsetting mandrel relative to the rotary tool collar. The hydraulic 
pump is driven by the flowing drilling fluid. The pressurized hydraulic fluid is controllably applied 
to piston chambers responsive to sensor signal induced actuation of servo-valves to maintain the axis 
of the offsetting mandrel geostationary and at desired angles of inclination and azimuth during 
5 drilling. Hydraulic pressure generated by the hydraulic pump may also be employed in an on-board 
system including linear variable differential transformers (LVDT's) to sense displacement of the 
mandrel actuation pistons and to provide displacement signals that are processed and utilized for 
controlling hydraulic actuation of the pistons. LVDTs are also employed to measure radial 
displacement of the elastic coupling members for identifying the precise position of the actively 

10 controlled rotary steerable drilling tool with respect to the centerline of the wellbore being drilled. 

For the purpose of mechanical efficiency, according to the preferred embodiment, the 
offsetting mandrel positioning system employs a universal offsetting mandrel support in the form of 
any suitable universal joint or knuckle joint to provide the offsetting mandrel with efficient support 
in both axial direction and torque and at the same time to minimize friction at the universal joint. 

1 5 Friction at the universal joint is also minimized by ensuring the presence of lubricating oil about the 
components thereof and by excluding drilling fluid from the universal joint while permitting 
significant steering control movement of the offsetting mandrel relative to the rotary tool collar as 
drilling is in progress. The universal joint may conveniently take the form of a spline type joint, a 
universal joint incorporating splines and rings, or a universal joint incorporating a plurality of balls 

20 which permit relative angular positioning of the axis of the offsetting mandrel with respect to the axis 
of the rotary drive component that extends into and is concentric with the tool collar. 

Electrical power for control and operation of the solenoid valves and the electronics system 
of the drilling tool is generated by an on-board alternator which is also powered by the flowing 

12 
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drilling fluid via a turbine or positive displacement motor which is exposed to the flowing drilling 
fluid. The electrical output of the alternator may also be utilized for maintaining the electrical charge 
of a battery pack that provides electrical power for operation of the on-board electronics and for 
operation of various other on-board electronic equipment during times when the alternator is not 
5 being powered by flowing fluid. 

BRIEF DESCRIPTION OF THE DRAWINGS 

So that the manner in which the above recited features, advantages and objects of the present 
invention are attained can be understood in detail, a more particular description of the invention, 
briefly summarized above, may be had by reference to the preferred embodiment thereof which is 
10 illustrated in the appended drawings, which drawings are incorporated as a part hereof 

It is to be noted, however, that the appended drawings illustrate only a typical embodiment 
of the invention and are therefore not to be considered limiting of its scope, for the invention may 
admit to other equally effective embodiments. 

In the Drawings: 

1 5 Fig. i is a schematic illustration showing a well being drilled in accordance with the present 

invention and showing deviation of the lower portion of the wellbore by the actively controlled rotary 
steerable drilling system and method thereof; 

Fig. 2 is a sectional view showing a rotary steerable drilling system constructed in accordance 
with the principles of the present invention; 
20 Fig. 3 is a sectional view showing a part of the actively controlled rotary steerable drilling 

system of the present invention and showing the drilling fluid energized system for generation of 
electrical energy and hydraulic pressure and further showing a substantially non-rotatable sliding 

13 
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sleeve disposed in rotatable relation with the rotary tool collar and maintained in substantially static 
relation with the formation being drilled by a plurality of elastic coupling blades; and 

Fig. 4 is a hydraulic and electronic schematic illustration showing a hydraulic servo-loop that 
provides for sensor signal responsive control of the hydraulic piston actuation system of the rotary 
steerable drilling tool. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

The actively controlled rotary steerable drilling system of the present invention consists of 
four basic sections, an offsetting mechanism, a sliding sleeve, a control system and a power 
generation system. 

Offsetting Mechanism - The offsetting mechanism integrates the bit shaft or offsetting 
mandrel and the rotary tool collar. The offsetting mandrel is coupled to the tool collar through a 
universal joint which enables the rotary tool collar to impart driving rotation to the offsetting mandrel 
and the drill bit that is connected at the forward end of the offsetting mandrel. The universal joint 
permits maintenance of selected angular positioning of the offsetting mandrel relative to the tool 
collar as the tool collar imparts rotation to the offsetting mandrel. This feature permits torque and 
weight forces to be transmitted from the tool collar to the offsetting mandrel while keeping the 
offsetting mandrel pointed in a given direction for drilling a deviated, i.e., curved wellbore. The 
direction of the offsetting mandrel is kept fixed in space by the action of four hydraulic pistons 
actuated by two servo-valves. 

Sliding Sleeve - A sliding sleeve is mounted for relative rotation about a section of the rotary 
tool collar and is coupled to the wall of the borehole by a plurality of, typically three, elastic blades 
that project outwardly from the sliding sleeve and maintain the sliding sleeve in substantially non- 
rotatable relation with the borehole wall. The sliding sleeve provides support for navigation sensors 
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including a three-axis servo-accelerometer and a resolver and provides support for position signal 
acquisition electronics. The sliding sleeve also supports a rotating transformer to transmit 
accelerometer measurements to the rotating section of the drilling tool. A caliper measurement of the 
borehole being drilled can also be integrated within the rotary steerable drilling system by measuring 
the axial displacement of each of the three elastic coupling blades relative to the sliding sleeve. 

Control System - The steering control system of the rotary steerable drilling tool of the 
present invention is in the form of a hydraulic servo-loop, also referred to as a control loop, which 
is integrated with the navigation sensors and electronics of the tool. The hydraulic servo-loop 
includes a resolver to detect the orientation of the drill collar relative to the sliding sleeve and also 
includes a three-axis accelerometer to detect the orientation of the sliding sleeve relative to the gravity 
field. The hydraulic servo-loop also includes two LVDT's to detect the radial positions of the 
hydraulic pistons relative to the hydraulic cylinders of the rotary tool collar within which the pistons 
are movably retained. Two electrically controlled servo-valves are also incorporated within the 
hydraulic servo-loop to synchronize the hydraulic pistons relative to the rotary tool collar. The 
hydraulic servo-loop also includes signal acquisition and control electronics for the navigation sensors 
and servo-valves. 

Power Generation - Power from the flowing drilling fluid is converted to mechanical power 
by using a positive displacement motor (PDM) or turbine. The output shaft of the PDM or turbine 
is coupled to a pump (gear or piston pump) which provides hydraulic power to the servo-valves. An 
alternator is also coupled to the PDM or turbine output shaft to provide electrical power for operation 
of the electronics and sensors of the rotary steerable drilling system. 

The actively controlled rotary steerable drilling system of the present invention is also capable 
of being linked with a system for measurement while drilling (MWD) or logging while drilling 
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(LWD). Two-way communication with a MWD/LWD tool may be achieved by using induction type 
transmission through the formation being drilled. The two-way communication system of the rotary 
steerable drilling system of the present invention also allows integration of a mud motor between the 
MWD/LWD tool and the rotary steerable drilling system, so that the mud motor can be used to 
provide rotary power for rotation of the tool collar and to provide the drilling tool with adequate 
torque and weight for efficient steerable drilling. The hydraulic power needed to synchronize the four 
hydraulic pistons and to achieve and maintain bit offset is delivered by the PDM or turbine through 
the hydraulic pump and the two servo-valves. 

The orientation of the offsetting mandrel relative to the gravity field is obtained from two sets 
of measurements. The rotation of the rotary tool collar relative to the gravity field (tool face) is 
determined with the combined measurements of the rotation of the tool collar relative to the sliding 
sleeve (resolver) and the rotation of the sliding sleeve relative to the gravity field (accelerometers). 
As rotation of the sliding sleeve relative to the borehole is very slow (a few turns per hour), the signal 
from the radial accelerometers can be easily filtered to reject noise. induced by shocks and vibrations 
in order to keep only the DC component of the signal. The position of the offsetting mandrel relative 
to the rotary tool collar is determined from the combined measurements of the displacement of the 
two sets of hydraulic pistons. This displacement is measured with two LVDT's located inside the 
piston chamber. 

From the standpoint of kinematics, the amplitude of the displacement of pistons along the X 
and Y axes relative to the rotary tool collar is sinusoidal and the difference in phase between X and 
Y displacements is 90°: 

Ax = A sin (wt) 

Ay = A sin (wt + 90°) 
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with A = Bit offset (L1/L2 as shown in Fig. 2) and 
w = rotation speed of the rotary tool collar. 

The combination of Ax and Ay displacement with the rotation of the rotary tool collar results 
in a stationary vector which keeps the axis of the offsetting mandrel pointed in a fixed direction. The 
tool face is determined by the orientation of this stationary vector relative to the gravity field. 

Referring now to the drawings and first to Fig. 1, a wellbore 1 is shown being drilled by a 
rotary steerable drilling tool embodying the principles of the present invention and shown generally 
at 10. The rotary steerable drilling tool 10 is connected at the lower end of a drill string shown 
generally at 2 that extends upwardly to the surface where it is driven by the rotary table of a typical 
drilling rig (not shown). It should be borne in mind that a rotary drill string is not necessary for 
practice of the present invention. The rotary drilling tool may also be driven by the rotary output 
shaft of a mud motor which is connected to a non-rotatable drill string. Alternatively, a rotary drill 
string may be employed and a mud motor may be connected within it so that the rotary drill string 
may be operated at a desired rotary speed and the drill bit driven by the mud motor may be operated 
at a different rotary speed. The drill string 2 typically incorporates a drill pipe 4 having one of more 
drill collars 5 connected therein for the purpose of applying weight to the drill bit and for stabilizing 
the drill string. The wellbore 1 is shown as having a vertical or substantially vertical upper portion 
and a deviated, curved or horizontal lower section 7 which is being drilled under the control of the 
actively controlled rotary steerable drilling tool 10. The lower section 7 of the wellbore will have 
been deviated from the vertical upper section by the steering activity of the drilling tool 10 in 
accordance with the principles set forth herein. As shown in Fig. 1, the drill string, immediately 
adjacent the rotary steerable drilling tool 10, may incorporate a flexible sub 8, which can provide the 
rotary steerable drilling system with enhanced accuracy of drilling. In accordance with the usual 
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practice, drilling fluid or "mud" is circulated by surface pumps (not shown) down through the drill 
string 2 where it exits through jets that are defined in the drill bit 20 and returns to the surface through 
an annulus 21 between the drill string 2 and the wall of the wellbore I. As will be described in detail 
below, the rotary steerable drilling tool 10 is constructed and arranged to cause the drill bit 20 to drill 
along a curved path that is designated by the control settings of the drilling tool. Referring to Fig. 
2, the angle of the offsetting mandrel 14 supporting the drill bit 20 in controlled angular relation with 
respect to the rotatable tubular tool collar 12 of the drilling tool 10 is maintained even though the 
drilling tool and drill bit are being rotated by the drill string, mud motor or other rotary drive 
mechanism, thereby causing the drill bit to be steered for drilling a curved wellbore section. Steering 
of the drilling tool is selectively accomplished from the standpoint of inclination and from the 
standpoint of azimuth, i.e., left and right. Additionally, the offsetting mandrel position settings of 
the rotary steerable drilling tool may be changed as desired, such as by mud pulse telemetry, to cause 
the drill bit to selectively alter the course of the wellbore being drilled to thereby direct the deviated 
wellbore with respect to X, Y and Z axes for precision steering of the drill bit and thus precision 
control of the wellbore being drilled. 

Referring again to Fig. 2, the actively controlled rotary steerable drilling tool 10 incorporates 
a rotary tool collar 12 that is rotatable by any suitable means such as the rotary output of a mud motor 
or a rotatable drill string. Within the rotary tool collar 12, the offsetting mandrel 14 is supported by 
a universal joint shown generally at 16 which enables the offsetting mandrel 14 to be rotated along 
with the tool collar 12 during drilling and permits the offsetting mandrel to be pivoted about a pivot 
point P relative to the tool collar to thereby enable controllable geostationary orientation of the 
offsetting mandrel as it is rotated by the rotary tool collar 12 to thus permit the borehole being drilled 
to be controllably deviated from the axis of the main wellbore. During drilling operations, 
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geostationary positioning of the offsetting mandrel 14 relative to the rotary tool collar 12 is 
controliably established by an offsetting mechanism shown generally at 18. To achieve geostationary 
positioning of the offsetting mandrel 14 during its rotation by the rotary tool collar 12, the offsetting 
mandrel is continuously positioned relative to the velocity of rotation by the offsetting mechanism 
18, so that as the offsetting mandrel is rotated, it is kept pointed in a predetermined direction of 
azimuth and inclination. This feature enables the wellbore being drilled to be steered in a 
predetermined manner such as might be needed for drilling branch bores from main wellbores or 
steering a wellbore being drilled to intersection with a subsurface anomaly of interest. 

During drilling, the offsetting mandrel 14 is rotatably driven by the rotating tool collar 12 in 
a manner such that the rotary force of the tool collar is imparted directly to the offsetting mandrel so 
that the offsetting mandrel and its drill bit are driven directly as the tool collar 12 is rotated. 
Additionally, the universal joint 16 connecting the offsetting mandrel 14 with the rotary tool collar 
permits upwardly directed thrust force of the drill bit 20 reacting with the formation being drilled to 
be transferred from the offsetting mandrel 14 through the universal joint 16 to the tool collar 12. 
Accordingly, the offsetting mandrel 14 is shown to be of tubular form, thus defining a flow passage 
22 through which drilling fluid is permitted to flow as it progresses to the flow passage system 24 of 
the drill bit 20. Between the tool collar 12 and the offsetting mandrel 14 the rotary steerable drilling 
tool 10 defines an annular space 26 which contains a protective fluid medium such as lubricating oil, 
and thus is referred to herein as an oil chamber. The various components of the offsetting mechanism 
and the universal joint are therefore protected by the protective fluid medium for the purpose of 
isolating these components from the corrosive and erosive drilling fluid and thus enhancing the 
service life of the rotary steerable drilling mechanism. The oil or other protective fluid medium 
within the chamber 26 is sealed with respect to the downhole drilling fluid environment by bellows 
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seal assemblies to be discussed in detail below. Thus the oil within the oil chamber 26 is not only 
a lubricating medium but also functions in concert with the bellows seals to isolate the offsetting 
mechanism of the rotary steerable drilling tool from contamination by the drilling fluid. 

To permit the transfer of thrust forces from the offsetting mandrel to the tool collar 12, the 
offsetting mandrel 14 defines an external circular groove 28 which receives at least two thrust force 
transfer segments 30. The thrust force transfer segments 30 are retained within the circular groove 
28 by the circular retainer flange 32 of a thrust force transfer element 34. The thrust force transfer 
element 34 defines a curved axial end surface 36 which is positioned in force transmitting contact 
with a concave tapered surface 38 of a thrust force transmitting ring 40. The thrust force transmitting 
ring 40 is shouldered within a thrust force transfer sleeve 42 which is in turn shouldered against an 
internal shoulder 44 of the tool collar 12. The thrust force transfer sleeve 42 is secured against axial 
movement relative to the tool collar 12 by a retainer element 46. The thrust force transfer sleeve 42 
also defines an internal opening 48 which is of sufficient dimension to permit the range of pivotal 
movement that the offsetting mandrel 14 is allowed relative to the tool collar 12. The internal 
opening 48 is defined in part by a flared or tapered surface 50 which ensures that the thrust force 
transfer sleeve 42 will not interfere with positioning of the offsetting mandrel 14 within the rotary tool 
collar 12. 

A retainer ring 52 is located in contact with the circular retainer flange 32 of the thrust force 
transfer element 34 and assists the retainer flange 32 in capturing the thrust force transfer segments 
30 within the circular groove 28 of the offsetting mandrel 14. The retainer ring 52 defines a spherical 
concave surface segment 54 which is in force transmitting contact with a convex spherical surface 
segment 56 of a pivot control ring 58. The ring-like elements 40, 34, 52 and 58 are maintained in 
force transmitting engagement with one another and with the force transmitting segments 30 by the 
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action of Belleville springs 60 and 62. The Belleville springs 60, 62 also yield sufficiently to permit 
pivotal movement of the offsetting mandrel 14 about the pivot point P and to allow thrust force 
transfer element 34 and retainer ring 52 to move laterally along with the offsetting mandrel while the 
corresponding thrust force transmitting ring 40 and pivot control ring 58 remain essentially static 
5 within the thrust force transfer sleeve 42. Thus, as the drilling operation is in progress, upward thrust 
forces are transferred from the offsetting mandrel 14 to the rotary tool collar 12 via the thrust force 
transfer segments 30, the thrust force transfer element 34 and the thrust force transmitting ring 40, 
as well as the upper end section of the thrust force transfer sleeve 42. Downward forces which will 
also be transmitted between the tool collar 12 and the offsetting mandrel 14 will be transferred via 

10 the thrust force transfer segments 30, the retainer ring 52 and the pivot control ring 58. These 
downward thrust forces will also be accommodated by the universal joint shown generally at 16 and 
by the lower Belleville spring 62. 

To provide for rotation of the offsetting mandrel 14 by the tool collar 12, a universally driven 
element 64 is located with its inner circular periphery 66 disposed in non-rotatable relation with a 

15 driven section 68 of the offsetting mandrel 14. The universally driven element 64 is secured against 
axial movement from its seated position on the offsetting mandrel 14 by a circular retainer ring 70 
that is received within an external retainer groove defined within the offsetting mandrel. If desired, 
the universally driven element 64 may have a splined connection with the offsetting mandrel 14 or 
it may be keyed to the offsetting mandrel so that a non-rotatable relation is established. Externally, 

20 the universally driven element 64 defines an external ring-like section 72 having a multiplicity of 
driven teeth in the form of gear teeth or splines. Internally, the tool collar 12 defines a corresponding 
multiplicity of internal drive teeth or splines 74 which establish rotary drive connection with the teeth 
or splines of the external ring-like section 72. The splines or gear toothed drive relationship between 
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the tool collar 12 and the offsetting mandrel 14 is designed to permit pivotal movement of the 
offsetting mandrel 14 about the pivot point P while a direct rotary driving relationship is maintained 
between the offsetting mandrel 14 and the rotary tool collar 12. 

As mentioned above, it is appropriate to permit significant angular positioning of the 
5 offsetting mandrel 14 about the pivot point P relative to the tool collar 12 and yet to maintain a sealed 
relationship between the offsetting mandrel and the tool collar which will contain the oil within the 
oil chamber 26 and protect the universal joint 16 and offsetting mechanism 18 from contamination 
by drilling fluid. According to the preferred embodiment of the present invention as shown in Fig. 
2, a sealing assembly for the lower or forward end of the drilling tool is shown generally at 76 and 

10 incorporates a seal bellows 78 having an upper bellows support ring 80 which is seated in sealed 
relation about an outer seal surface 82 of the offsetting mandrel 14. The upper bellows support ring 
80 is shouldered downwardly against a circular shoulder 84 of the offsetting mandrel 14. The 
opposite, or lower end, of the seal bellows 78 is secured to a bellows mounting and sealing ring 86 
which is retained in sealed relation with a tubular seal mount 88 by a snap ring type retainer element 

1 5 90 that is received within an internal groove within the tubular seal mount. The tubular seal mount 
88 is secured by a thread connection 92 within the lower, or forward end, of the tool collar 12 and is 
further secured by the lower retainer flange 94 of a tubular end cap 96. The tubular end cap 96 is 
threadedly connected to the tool collar 12 by a thread connection 98. At its upper, or trailing end, the 
offsetting mandrel 14 is sealed with respect to the tubular tool collar 12 by an upper bellows seal 100. 

20 Although not required, the tubular end cap 96 may be provided with external spiral or fluted geometry 
that functions to assist the flow of drilling fluid upward through the annulus between the rotary 
steerable drilling tool and the wall of the wellbore being drilled. 

As also mentioned above, the rotary steerable drilling tool of the present invention will be 
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provided with an offsetting mechanism having the capability of maintaining the offsetting mandrel 
14 in geostationary position relative to the formation being drilled and offset from the main wellbore 
above the location of the drilling tool. According to the preferred embodiment of the present 
invention, the rotary steerable drilling tool is provided with a hydraulically energized system for 
positioning the offsetting mandrel relative to the rotary tool collar and for maintaining geostationary 
position of the offsetting mandrel during rotation of the tool collar and during rotation of the 
offsetting mandrel by the rotary tool collar. To accomplish this feature, the rotary tool collar 12 
defines two pairs of hydraulic cylinders with each pair of hydraulic cylinders being diametrically 
opposed from one another. As shown in Fig. 2, one pair of diametrically opposed hydraulic cylinders 
is indicated at 102 and 104. The diametrically opposed hydraulic cylinders are also shown in Fig. 4 
as are diametrically opposed hydraulic cylinders 106 and 108. Hydraulic pistons 110, 112, 1 14, and 
1 16 are movable within their respective hydraulic cylinders for the purpose of imparting positioning 
control to the offsetting mandrel 14 relative to the rotary tool collar 12. As shown in Fig. 2 and 
schematically in Fig. 4, an outer bearing race 1 18 is positioned for force transmitting contact with 
each of the four hydraulic pistons. As shown in Fig. 4, this outer bearing race 118 may define flat 
surfaces, such as shown at 120, to establish an efficient force transmitting surface engagement 
between the hydraulic pistons and the outer bearing race. An inner bearing race 122 is secured in 
non-rotatable relation with offsetting mandrel 14 by a splined connection 124 as shown in Fig. 2. 

During drilling activity it is appropriate to continually adjust the position of the offsetting 
mandrel 14 about its pivot point P concurrently with rotary driving of the offsetting mandrel by the 
rotary tool collar 12 for the purpose of rotating the drill bit 20 and for maintaining the geostationary 
relation of the axis of the offsetting mandrel and the drill bit selectively pointed with respect to the 
formation being drilled. This feature permits a curved wellbore to be drilled which will have an 
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inclination and bearing that is established by maintaining the axis of the offsetting mandrel 
geostationary as it is rotated by the tool collar 12. According to the present invention, as will be 
explained in detail below, geostationary axial positioning of the offsetting mandrel is established 
hydraulically under the control of servo-valves that are selectively actuated responsive to appropriate 
position sensing signals. As is evident from Fig. 3, hydraulic pressure induced energy for controlling 
the position of the offsetting mandrel 14 is generated by a hydraulic pump 126 which is located 
within a pump receptacle 128 defined within the rotary tool collar 12. The hydraulic pump 126 is 
driven by any suitable rotary drive mechanism with which the rotary steerable drilling tool 10 may 
be provided. As shown in Fig. 3, a positive displacement motor (PDM) or turbine 130 is rotatably 
driven by drilling fluid flowing from a tool flow passage 132 through the pump to thereby provide 
for driving rotation of a PDM or turbine output shaft 134. The PDM or turbine output shaft 134 is 
sealed with respect to an internal housing 136 about which a drilling fluid passage 138 is defined. 
If desired, the drilling fluid passage 138 may be defined by an annular space between an internal wall 
140 of the tool collar 12 and the internal housing 136. This feature enables drilling fluid flow about 
the internal housing 136 to provide for cooling of the mechanical and electrical components that are 
located within the internal housing. 

The output shaft 134 of the PDM or turbine 130 is sealed with respect to the rotatable tool 
collar 12 by a sealing element 142 to thereby prevent drilling fluid from contaminating the electrical 
and mechanical components that are located within the internal housing 136. The rotary shaft sealing 
element 142 is the only rotary seal component of the rotary steerable drilling system that is exposed 
to the drilling fluid. The output shaft 134 is connected in driving relation with an alternator 144 which 
provides an electrical output to power the electronic and electro-mechanical components of the 
drilling tool responsive to the flow of drilling fluid through the tool. The alternator is in turn provided 
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with an output shaft 146 which is connected in driving relation with the hydraulic pump 126 so that 
the pump is driven responsive to the flow of drilling fluid through the actively controlled rotary 
steerable drilling tool. The hydraulic pump 126 may be a gear or piston pump as is suitable to the 
purposes of the user. The hydraulic pump 126 provides a pressurized hydraulic fluid output 148 
which is conducted to servo-valves 150 and 152 which are also shown in the electronic/hydraulic 
schematic illustration of Fig. 4. 

Responsive to the PDM or turbine 130, hydraulic pump 126 provides hydraulic fluid under 
pressure to hydraulic supply line 154 which supplies pressurized hydraulic fluid to a hydraulic 
pressure control 156 via hydraulic line 158 and conducts pressurized hydraulic fluid to the servo- 
valves 150 and 152 via hydraulic supply lines 160 and 162. In the valve condition shown in Fig. 4, 
pressurized hydraulic fluid supply to hydraulic cylinder 108 occurs via the servo-valve 152 and its 
hydraulic line 166, thus causing piston 116 to impart a force to the offsetting mandrel 14 along the 
X axis. Simultaneously, hydraulic fluid in hydraulic cylinder 106 is being returned via hydraulic line 
170, servo- valve 152, and hydraulic return line 172 to the hydraulic reservoir 174. The servo-valve 
150 is also positionable to supply pressurized hydraulic fluid via line 164 to the hydraulic cylinder 
104 thereby causing movement of the piston 1 12 to impart a force through the bearing assembly to 
the offsetting mandrel 14 to thus shift the offsetting mandrel along the Y axis. Thus, positioning of 
the offsetting mandrel 14 is accomplished by operating the pistons 112 and 1 16 in 90 degree phase 
with one another. This character of valve positioning is accomplished by an electronic circuit 1 76 
which may be described as a 90 degree phase circuit. The circuit 176 receives a signal via a signal 
conductor 178 from a controller 180 and then transmit signals via signal conductors 182 and 184 to 
the respective servo-valves 150 and 152. Thus, the servo-valves are operated simultaneously in such 
manner that they are shifted in a manner maintaining the 90 degree phase relationship of the force 
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transmitting pistons. 

Though the tool collar 12 is rotated during drilling operations and imparts direct driving 
rotation to the drill bit 20, this rotation may compromise or interfere with signals from the navigation 
sensors of the actively controlled rotary steerable drilling tool. To ensure against such rotational 
interference, the rotary tool collar 12 defines a reduced diameter intermediate section 186 as 
illustrated in Fig. 3. A coupling element in the form of a non-rotatable sliding sleeve 188 is located 
about the reduced diameter intermediate section and is supported in relatively rotatable relation 
therewith by bearing members 190 and 192. During drilling, the non-rotatable sliding sleeve is 
mechanically coupled with the wall T 1 of the wellbore being drilled by a plurality of (preferably 
three) elastic blades such as shown at 194. The elastic blades 194 are of curved configuration and 
are located with the intermediate portions 196 thereof projecting radially outwardly from the sliding 
sleeve 188 for forcible contact with the wellbore wall "W\ End portions 200 and 201 of each of the 
elastic blades 194 are connected to the non-rotatable sliding sleeve 188 in any suitable manner. Thus, 
as the rotary tool collar 12 is rotated during drilling the sliding sleeve 188 is maintained in 
substantially non-rotatable relation by the resistance of the elastic blades 194 with the wellbore wall 
"W" of the formation being drilled. Preferably the sliding sleeve 188 will have three elastic blades 
defining a three touch-point geometry for coupling with the borehole wall, though it may have a 
greater number of elastic blades without departing from the scope of the present invention. In actual 
operation, the non-rotatable sliding sleeve 188 may rotate slowly, perhaps only a few revolutions per 
hour. Electronic position signals from the navigation sensors, a resolver 202, which is mounted to 
the rotary tool collar 12, and a three-axis accelerometer 204 which is mounted to the slidng sleeve 
188, will not require filtering or other electronic processing to minimize sensor signal interference. 
Since the accelerometers are located on the sliding sleeve 188 and are directly coupled with the 
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borehole wall by the elastic blades 194, no high bandwidth sensor is required. 

In addition to the three-axis accelerometer and resolver, the sliding, non-rotatable sleeve 188 
will also employ a rotating transformer to transmit accelerometer measurements to the rotating section 
of the tool. A caliper measurement can also be integrated by measuring the radial displacement of 
each of the typically three elastic blades 194 relative to the non-rotatable sliding sleeve 188 of the 
drilling tool 10. If one end of each of the elastic blades is axially movable relative to the non- 
rotatable sliding sleeve 188, then the caliper measurement of the borehole may be achieved by 
measuring axial displacement of the elastic blades relative to the sleeve 188. 

The controller 180 of the hydraulic servo-control loop system shown schematically in Fig. 4 
receives electronic signal input from the resolver 202 and the three-axis accelerometer 204 via signal 
conductors 206 and 208. The controller 180 also receives signal input representing the radial 
positions of the hydraulic pistons 1 10 and 1 14 relative to the tool collar 12. The hydraulic cylinders 
102 and 104 incorporate piston position measuring devices such as LVDT's 210 and 212 which 
measure radial displacement of the respective pistons 1 10 and 1 12 and transmit position signals via 
signal conductors 214 and 216 to the controller 180. These piston position signals are processed 
along with position signals from the resolver 202 and accelerometer 204 to yield the controller output 
signal that is fed via signal conductor 178 to the 90 degree phase circuit 176. 

The present rotary steerable drilling system is based on hydraulic power controlled by servo- 
valves. No high power electronics are required. The present invention provides an effective solution 
to many problems that plague the steerable drilling systems of the prior art. The present invention 
does not require heat dissipation at high temperature when using PWM (pulse width modulation) 
power drives. The present invention achieves integration of formation evaluation measurements with 
low level signals, for example, resistivity, laterolog, and induction measurements. The control system 
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of the present invention is low voltage, low power, and induces very low electromagnetic 
interferences. The present invention substantially eliminates the use of rotary seals that are in contact 
with the drilling fluid. The preferred embodiment set forth herein utilizes bellows seals to 
compensate for the oscillating motion of the offsetting mandrel relative to the rotary tool collar. The 
5 only rotary seal of the rotary steerable drilling system of the present invention is located in the power 
generation module, between the positive displacement motor (PDM) that is driven by the flowing 
drilling fluid and the alternator. According to the present invention it is not necessary to provide a 
source of hydraulic power from the surface. The hydraulic power system of the present invention is 
contained within the rotary steerable drilling tool and converts mechanical power from the flowing 

1 0 drilling fluid, directly via a PDM, to hydraulic power from the hydraulic pump. The hydraulic control 
loop of the rotary steerable drilling tool is automatically operable responsive to the signals of 
navigation sensors and control electronics for maintaining the offsetting mandrel oriented or pointed 
in a predetermined direction with its axis geostationary so that the drill bit supported thereby will drill 
a curved wellbore having a predetermined inclination and azimuth. The stabilization sensors used 

15 to detect the orientation of the offsetting mandrel are a resolver and at least one accelerometer. As 
the accelerometers are located on a non-rotating sliding sleeve that is directly coupled to the borehole 
by elastic coupling elements, no high bandwidth sensor is required. Bit offset is directly controlled 
by two servo-valves which are electrically controlled responsive to signals from navigation sensors 
which are processed by the electronics package on-board the rotary steerable drilling system. No 

20 additional steering system is required. 

As mentioned above, certain steerable drilling systems have steering components that are in 
contact with the corrosive and erosive drilling fluid so that the service life thereof is compromised 
by the drilling fluid. The steering components of the rotary steerable drilling system of the present 
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invention are protected from the drilling fluid. The hydraulic pistons are located internally of the 
drilling tool and are isolated from the drilling fluid. Virtually all of the movable mechanical 
components for positioning and rotary driving of the offsetting mandrel, such as the hydraulic pistons, 
servo-valves, and universal joint, are located within an internal chamber of the drilling tool which is 
filled with oil or other protective fluid medium so that these components are not exposed to drilling 
fluid. Thus, the service life of these components of the rotary steerable drilling system is not 
compromised by the drilling fluid. 

In view of the foregoing it is evident that the present invention is one well adapted to attain 
all of the objects and features set forth, together with other objects and features which are inherent 
in the apparatus disclosed herein. 

As will be readily apparent to those skilled in the art, the present invention may easily be 
produced in other specific forms without departing from its spirit or essential characteristics. The 
present embodiment is, therefore, to be considered as merely illustrative and not restrictive, the scope 
of the invention being indicated by the claims rather than the foregoing description, and all changes 
which come within the meaning and range of equivalence of the claims are therefore intended to be 
embraced therein. 
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WE CLAIM: 

1 . A method for drilling wells and simultaneously steering a drill bit with an 
actively controlled rotary steerable drilling system, comprising: 

(a) rotating within the wellbore being drilled a tubular rotary tool collar and an 
offsetting mandrel being mounted within said tubular rotary tool collar for movement relative 
thereto, said offsetting mandrel adapted for supporting a drill bit and being rotatably driven by 
said tubular rotary tool collar, said actively controlled rotary steerable drilling system having 
signal responsive steering means; 

(b) generating steering signals for adjusting the position of said offsetting 
mandrel relative to said tubular rotary tool collar and said offsetting mandrel; and 

(c) responsive to said steering signals maintaining said offsetting mandrel 
oriented at predetermined angles of inclination and bearing during rotation thereof by said tubular 
rotary tool collar. 

2. The method of claim 1, wherein a coupling element is mounted for relative rotation 
with said tubular rotary tool collar and has a plurality of elastic coupling blades projecting 
radially outwardly therefrom for contact with the wall of the wellbore being drilled, said method 
further comprising: 

(d) maintaining said plurality of elastic coupling blades in mechanically 
coupled substantially static relation with the formation being drilled during rotation of said 
tubular rotary tool collar. 
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3. The method of claim 1, wherein a coupling element is disposed in rotatable 
relation with said tubular rotary tool collar and navigation sensors are mounted to said coupling 
element, said method further comprising: 

(d) maintaining said coupling element and said navigation sensors in 
substantially static relation with the wellbore being drilled during rotation of said tubular rotary 
tool collar. 

4. The method of claim 1, wherein actively controlled rotary steerable drilling system 
has hydraulic and electrical systems for generating hydraulic fluid pressure and for generating 
electrical energy responsive to flowing drilling fluid, and hydraulic piston means for imparting 
position controlling movement to said offsetting mandrel relative to said tubular rotary tool collar, 
and at least one servo-valve for controlling hydraulic pressure induced movement of said 
hydraulic piston means responsive to said steering signals, said method further comprising: 

(d) generating hydraulic pressure and electrical energy responsive to drilling 

fluid flow; and 

(d) electrically actuating at least one said servo-valve responsive to said 
steering signals for controlling transmission of hydraulic pressure to said hydraulic piston means 
and hydraulically moving said offsetting mandrel relative to said tubular rotary tool collar. 

5. The method of claim 4, wherein said hydraulic piston means includes at least two 
pistons each located within said tubular rotary tool collar and being interposed between and in 
force transmitting relation with said tubular rotary tool collar and said offsetting mandrel, said 
method further comprising: 
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(f) selectively and independently controlling application of hydraulic pressure 
to each of said hydraulic pistons for causing said piston actuated pivotal positioning of said 
offsetting mandrel within said tubular rotary tool collar during rotation of said tubular rotary tool 
collar. 

6. The method of claim I, wherein said tubular rotary tool collar has hydraulic 
cylinder means movably located within said hydraulic cylinder means and disposed in force 
transmitting relation with said offsetting mandrel, and servo-valves for controlling hydraulic 
pressure to said hydraulic cylinder means, said method further comprising: 

(d) detecting the respective positions of said hydraulic piston means within 
said hydraulic cylinder means and generating electronic piston position signals; 

(e) identifying desired position change of said hydraulic piston means within 
said hydraulic cylinder means for desired position change of said offsetting mandrel relative to 
said tubular rotary tool collar; and 

(f) controllably actuating said servo-valves for independently controlling 
hydraulic pressure communication to said hydraulic cylinder means for accomplishing said 
desired position change of said hydraulic piston means. 

7. The method of claim 6, wherein said hydraulic cylinder means has hydraulic fluid 
therein for imparting hydraulic piston movement responsive to hydraulic pressure, said method 
further comprising: 

(g) detecting the volume of hydraulic fluid within said hydraulic cylinder 
means for identification of piston position within said hydraulic cylinder means; 
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(h) changing the volume of hydraulic fluid within said hydraulic cylinder 
means to thus change said hydraulic piston position and thus change the position of said offsetting 
mandrel within said tubular rotary tool collar; and 

(i) sequentially changing the position of said offsetting mandrel within said 
tubular rotary tool collar to maintain said offsetting mandrel in substantially geostationary relation 
and oriented with respect to predetermined azimuth and inclination during rotation thereof by said 
tubular rotary tool collar. 

8. The method of claim I, wherein said generating steering signals comprising: 

(a) sensing the location and orientation of said tubular rotary tool collar and the 
angular position of said offsetting mandrel relative to said tubular rotary tool collar and generating 
real time position signals; 

(b) processing said real time position signals and generating said steering 
signals therefrom; and 

(c) controlling application of hydraulically induced force to said offsetting 
mandrel responsive to said steering signals to maintain said offsetting mandrel selectively 
positioned relative to said tubular rotary tool collar. 

9. The method of claim 1, wherein said rotary steerable drilling system having on- 
board electronics for receiving telemetry transmitted steering control signals, said method further 
comprising: 

(d) transmitting steering control signals via signal telemetry from a surface 
location to said on-board electronics of said rotary steerable drilling system; and 
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(e) controlling geostationary positioning of said offsetting mandrel relative to 
said tubular rotary tool collar with said steering signals. 

10. The method of claim 1, wherein said tubular rotary tool collar has at least two 
hydraulic cylinders therein each having a hydraulic piston disposed in positioning force 
transmitting relation with said offsetting mandrel, a pressurized hydraulic fluid supply to said 
hydraulic cylinders and hydraulic servo-valve means for selectively communicating pressurized 
hydraulic fluid from said hydraulic fluid supply to said hydraulic cylinders, and a controller for 
receiving position signals and selectively actuating said hydraulic servo-valve means for 
hydraulically controlled positioning of said offsetting mandrel relative to said rotary tool collar, 
said method further comprising: 

(d) generating piston position signals representing the positions of said 
hydraulic pistons within said hydraulic cylinders; 

(e) providing tool collar position signals representing the position of said 
tubular rotary tool collar; and 

(f) processing said piston position signals and said tool collar position signals 
by said controller and providing valve position output signals from said controller for changing 
the position of said hydraulic servo-valves as necessary to maintain a predetermined angular 
position of said offsetting mandrel relative to said tubular rotary tool collar. 

11. An actively controlled rotary steerable well drilling apparatus, comprising: 

(a) a tubular rotary tool collar adapted to be rotatably driven for well drilling; 
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(b) an offsetting mandrel mounted within said tubular rotary tool collar for 
positioning movement relative to said tubular rotary tool collar, said offsetting mandrel being 
rotated by said tubular rotary tool collar and supporting a drill bit; 

(c) actuator means maintaining said offsetting mandrel selectively oriented 
relative to said tubular rotary tool collar to thus maintain said offsetting mandrel and drill bit 
pointed in a selected direction for drilling along an intended course; and 

(d) means selectively controlling said actuator means. 

12. The actively controlled rotary steerable well drilling apparatus of claim 11, further 

comprising: 

(e) a coupling element rotatably mounted to said tubular rotary tool collar and 
having substantially static coupling contact with the wall of the wellbore being drilled; and 

(f) navigation sensors mounted to said coupling element and generating 
navigation signals. 



13. The actively controlled rotary steerable well drilling apparatus of claim 12, further 
comprising: 

(g) resilient coupling means projecting from said coupling element and 
maintaining said substantially static coupling contact with the wall of the wellbore being drilled. 

14. The actively controlled rotary steerable drilling apparatus of claim 1 1, wherein said 
actuator means comprises: 

(a) hydraulic cylinder means within said tubular rotary tool collar; 
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(b) hydraulic piston means within said hydraulic cylinder means and having 
force transmitting relation with said offsetting mandrel; 

(c) hydraulic supply means for supplying pressurized hydraulic fluid to said 
hydraulic cylinder means for maintaining substantially geo-stationary positioning of said 
offsetting mandrel within said tubular rotary tool collar; and 

(d) servo-valve means for controllably actuating said hydraulic supply means 
and maintaining said offsetting mandrel selectively oriented relative to said tubular rotary tool 
collar during rotation of said tubular rotary tool collar. 

15. The actively controlled rotary steerable well drilling apparatus of claim 13, 
wherein 

said resilient coupling means being a plurality of resilient coupling members 
located in evenly spaced relation about said coupling element; and further comprising: 

(h) means for detecting the relative positions of said resilient coupling 
members with said coupling element and generating therefrom signals representing caliper 
measurement of the wellbore being drilled. 

16. The actively controlled rotary steerable well drilling apparatus of claim 11, further 
comprising: 

(e) a universal joint within said tubular rotary tool collar; and wherein 

said offsetting mandrel being pivotally supported by said universal joint and is 
pivotally movable relative to said tubular rotary tool collar for positioning of said offsetting 
mandrel relative to the formation being drilled. 
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17. The actively controlled rotary steerable well drilling apparatus of claim 16, 
wherein: 

said universal joint establishing direct rotary driving relation of said tubular rotary 
tool collar with said offsetting mandrel. 

18. The actively controlled rotary steerable well drilling apparatus of claim 11, 
wherein 

said offsetting mandrel defines a flow passage for flow of drilling fluid 
therethrough; and further comprising: 

(e) collar seal means establishing sealing between said tubular rotary tool 
collar and said offsetting mandrel and defining a protective fluid chamber for containing a 
protective fluid medium, said collar seal means isolating said protective fluid chamber from 
intrusion by drilling fluid. 

19. The actively controlled rotary steerable well drilling apparatus of claim 1 1, further 
comprising: 

(e) a hydraulic fluid supply system located within said tubular rotary tool 
collar and powered by the flow of drilling fluid during drilling, said hydraulic fluid supply system 
supplying pressurized hydraulic fluid to said hydraulic actuator means; 

(0 an electrical power supply system being located within said tubular rotary 
tool collar and powered by the flow of drilling fluid during drilling; and 
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(g) servo-valve means within said hydraulic fluid supply system for controlling 
supply of pressurized hydraulic fluid to said hydraulic actuator means. 

20. The actively controlled rotary steerable well drilling apparatus of claim 19, further 
comprising: 

(h) a coupling element mounted in rotatable relation with said tubular rotary 

tool collar; 

(i) navigation sensors mounted to said coupling element and providing 
navigation signals; and 

(j) controller means located within said coupling element for receiving said 
navigation signals, said controller means providing electrical valve control output signals for 
selectively controlling operation of said servo-valve means. 

21. The actively controlled rotary steerable well drilling apparatus of claim 12, 
wherein 

said actuator means are hydraulic actuator means; and further comprising: 

(g) hydraulic fluid supply means located within said tubular rotary tool collar; 

(h) electrical power supply means located within said tubular rotary tool collar; 

(i) servo-valve means within said hydraulic fluid supply means for controlling 
supply of pressurized hydraulic fluid to said hydraulic actuator means; 

(j) position sensing means for sensing the position of said hydraulic actuator 
means and providing a position signal output; and 
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(k) controller means receiving and processing said navigation signals and said 
position signal output and providing positioning control signals for selectively controlling 
actuation of said servo-valve means. 

22. The actively controlled rotary steerable well drilling apparatus of claim 12, further 
comprising: 

(g) telemetry means within said coupling element for receiving positioning 
control signals transmitted from the surface and providing a telemetry signal output; 

(h) controller means receiving and processing said telemetry signal output and 
providing said positioning control signals; and wherein 

said actuator means having positioning control of said offsetting mandrel 
responsive to said positioning control signals. 

23. The actively controlled rotary steerable well drilling system of claim 12, further 
comprising: 

(g) at least one accelerometer supported by said coupling element for detecting 
rotation of said tubular rotary tool collar relative to said coupling element and providing position 
signals responsive thereto; 

(h) at least one resolver being supported by said tubular rotary tool collar for 
detecting rotation of said tubular rotary tool collar relative to said coupling element and providing 
position signals responsive thereto; and 

(i) controller means for receiving and processing said position signals and 
providing positioning control signals; and wherein 
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said actuator means positioning said offsetting mandrel relative to said tubular 
rotary tool collar responsive to said positioning control signals. 

24. The actively controlled rotary steerable well drilling system of claim 1 1, wherein 
said actuator means comprises at least two hydraulically moveable piston elements 

each having force transmitting relation with said offsetting mandrel; and wherein 

upon actuation thereof said hydraulically moveable piston elements move said 

offsetting mandrel relative to said tubular rotary tool collar to maintain selective positioning 

thereof relative to said tubular rotary rotatable tool collar and maintaining selected positioning of 

said offsetting mandrel with respect to the formation being drilled. 

Smart & Biggar 
Ottawa, Canada 
Patent Agents 
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